Aim: Retigeric acid B (RAB), a pentacyclic triterpenic acid from Lobaria kurokawae Yoshim, has been found to induce apoptosis in prostate cancer cells. The aim of this study was to investigate the roles of mitochondrial damage-caused mitophagy in RAB-induced prostate cancer cell death in vitro. Methods: Human prostate cancer PC3 and LNCaP cells were tested. Cell viability was analyzed with MTT assay. Cell apoptosis, ROS level and mitochondrial transmembrane potential (mtΔψ) were measured with flow cytometry. Autophagy-and apoptosis-related proteins were studied using Western blotting. GFP-LC3B puncta, mitochondrial swelling and mitophagy were examined morphologically. Quantitative RT-PCR was used to measure LC3B mRNA level, and siRNA was used to knock down LC3BII. Results: In both PC3 and LNCaP cells, RAB (15 µmol/L) increased ROS accumulation and decreased mtΔψ in a time-dependent manner. Furthermore, RAB induced mitochondrial swelling and mitophagy, significantly increased LC3B expression and conversion of LC3BI to LC3BII, and the elimination of mitochondria by LC3BII-containing autophagolysosomes. In addition, RAB suppressed the PI3K/Akt/mTOR pathway activation. Pretreatment of PC3 cells with autophagy inhibitor 3-MA (5 mmol/L) or the lysosomal protease inhibitor CQ (10 µmol/L) significantly increased RAB-induced apoptosis. Similar results were obtained in RAB-treated PC3 cells with LC3B knocked down. Conclusion: RAB induces mitochondrial damage and mitophagy that attenuates RAB-induced prostate cancer cell death. Thus, suppression of mitophagy might be a potential strategy for improving the chemotherapeutic effects of RAB.
Introduction
Autophagy is a catabolic pathway that maintains cellular homeostasis via the self-digestion of unwanted proteins and damaged or aging organelles, such as damaged mitochondria, by double-membrane autophagosomes [1, 2] . In mammals, the Atg8 homolog LC3BI is conjugated with phosphatidylethanolamine, forming LC3BII and resulting in the maturation of autophagosomes, which associate with lysosomes to form autophagolysosomes [3] . When cells suffer extra-or intracellular stress, the level of autophagy could be remarkably activated as a cytoprotective response, resulting in adaptation and survival [4, 5] , while autophagic cell death could occur with dysregulated or excessive autophagy. DJ-1 is a member of the peptidase C56 family of proteins and was originally identified as a novel oncogene that works in collaboration with ras [6] . It is generally known that loss-offunction DJ-1 mutations can cause early-onset Parkinson's disease. DJ-1 acts as a redox-sensitive chaperone and a sensor for oxidative stress [7] ; it also protects cells against oxidative stress during neuronal injury [8, 9] . Furthermore, DJ-1 protects several types of cancer cells, including leukemic [10] , lung carcinoma [11] , and breast cancer [12] cells, from oxidative stress-induced apoptosis. The oxidative stress-induced early translocalization of DJ-1 into mitochondria is closely associated with its cytoprotective activity; DJ-1 is mainly localized in the cytoplasm, but under oxidative stress, it is translocated into mitochondria [13] . It has been reported that DJ-1 maintains mitochondrial functions during oxidative stress [14, 15] , and the loss of DJ-1 leads to alterations in mitochondrial phenotypes such as a reduction in membrane potential and an increase in fragmentation; damaged mitochondria then promote mitochondrial clearance via the mitophagy pathway [14] . These events are thought to be a protective mechanism against oxidative stress.
Recent studies have demonstrated that autophagy, including mitophagy, is often stimulated in tumor cells in response to multiple forms of cellular stress induced by chemotherapeutic agents [16] [17] [18] . In fact, the mode of action of some anticancer drugs from natural materials such as paclitaxel and camptothecin [19, 20] involves the induction of autophagy, which is important for the regulation of cancer development and progression and for determining the response of tumor cells to anticancer therapy. Driven by these findings, we expect to find novel natural agents that target autophagy. Retigeric Acid B (RAB) is a natural pentacyclic triterpenic acid isolated from Lobaria kurokawae Yoshim. Although a role for RAB in anti-tumor activity has been reported [21, 22] , the mechanisms for RAB in the regulation of the function of mitochondria and mitophagy in cancer cells have not been described. Here, we found that RAB induced mitochondrial depolarization and a reduction in DJ-1 expression followed by protective autophagy via the elimination of mitochondria by LC3BII-containing autophagolysosomes (mitophagy), which attenuates apoptosis in prostate cancer (PCa) cells.
Materials and methods
Cell culture and treatments Human prostate cancer PC3 and LNCaP cells [American Type Culture Collection (ATCC)] were cultured in RPMI-1640 medium (HyClone, Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine serum (HyClone) and antibiotics. The human glioma cancer cell line U87, which stably expresses the GFP-LC3 protein, was a kind gift from Bing YAN (Shandong University) and was maintained in DMEM medium (HyClone) supplemented with 10% fetal bovine serum (HyClone) and antibiotics. The cells were maintained in a humidified incubator with 5% CO 2 at 37 °C.
RAB was isolated from Lichen L kurokawae as previously described [21, 22] . RAB was prepared in dimethyl sulfoxide (DMSO) at 10 mmol/L as a stock solution, stored at -20 °C and diluted according to experimental requirements.
Cell viability and cell death assay MTT was used to quantitate cell proliferation and cytotoxicity. After required pre-treatment, PC3 or LNCaP cells were exposed to RAB or vehicle for 24 h. Cell proliferation was detected with the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich, USA) colorimetric assay [21] . For the cell death assay, RAB-treated PC3 cells were collected, and apoptosis was determined with 10 μg/mL propidium iodide staining (PI; Sigma-Aldrich, USA) and flow cytometry using a Becton Dickinson FACScan.
In some experiments, cells were exposed to 5 mmol/L of the autophagy inhibitor 3-methyladenine (3-MA; Sigma-Aldrich, USA) for 2 h, 10 µmol/L of the lysosomal protease inhibitor chloroquine (CQ; Sigma-Aldrich, USA) for 2 h or 2 mmol/L of the antioxidant N-acetylcysteine (NAC; Sigma-Aldrich, USA) for 1 h before treatment with RAB. The cell proliferative response to the chemicals was then analyzed by MTT assay or PI exclusion determination.
Transmission electron microscopy analysis PC3 cells were treated with 15 µmol/L RAB for the indicated time. Cells were fixed with 2.5% glutaraldehyde in 0.1 mmol/L phosphate buffer (pH 7.4) and rinsed with phosphate buffer, followed by incubation in 1% osmium tetroxide. After a series of dehydration, the cell pellets were embedded in epon resin, and ultrathin sections were cut and stained with 2% uranyl acetate. A JEM-1400 transmission electron microscope (JEOL, Japan) was used to analyze changes in the cellular ultrastructure.
Immunofluorescence staining for LC3B
For immunofluorescence analysis of RAB-induced LC3B in PC3 cells, a confocal laser-scanning microscope (Carl Zeiss, LSM780, Germany) was used; the procedures have been previously described [21] . An antibody directed against LC3B was used for the immunofluorescence experiments, and nuclei were stained with DAPI (Sigma-Aldrich, USA).
Microscopy for GFP-LC3B puncta
To determine autophagy in U87 cells, which stably express the GFP-LC3B protein, we exposed U87 cells to 15 µmol/L RAB for 12 h, and the nuclei were then stained with Hoechst 33342 (Sigma-Aldrich, USA) for 15 min. The GFP-LC3B puncta in response to RAB or vehicle treatment were observed with a fluorescence microscope (Nikon, Japan). Vehicle-treated cells served as a control.
Quantitative RT-PCR analysis Total RNA from PC3 and LNCaP cells treated with RAB for the indicated time periods were extracted with the RNAiso plus kit (Takara, Japan). For quantitative RT-PCR (qRT-PCR), cDNA was synthesized using the ReverTra Ace qPCR RT Kit (Toyobo, Japan). qRT-PCR was performed with a Realtime PCR System (Eppendorf International, Germany). The sequences of the primers for LC3B and GAPDH were as follows: LC3B, 5'-GAAGATGTCCGACTTATTCGAGAG-3' (forward) and 5'-ACTCTCATACACCTCTGAGATTGG-3' (reverse) and GAPDH, 5'-TGGTCACCAGGGCTGCTT-3' (forward) and 5'-AGCTTCCCGTTCTCAGCCTT-3' (reverse), respectively. The mRNA level of LC3B was normalized to the level of GAPDH.
RNA interference of LC3B PC3 cells were transiently transfected with siRNA duplex oligonucleotides targeting LC3B (GenePharmcon, China) using Lipofectamine TM 2000 (Invitrogen, USA). The LC3B siRNA sequences were as follows: sense: 5'-GCACCUUC-GAACAAAGAGUTT-3' and antisense: 5'-ACUCUUUGUUC-GAAGGUGCTT-3'. The scramble siRNA sequences were as [21] , and the effects of RAB on the conditioned cells were evaluated using Western blotting and cell survival assay.
Western blotting assay After treatment as indicated, cell lysates were prepared with RIPA buffer, and the procedures for Western blotting have been described previously [23] . Blots were incubated with the following primary antibodies: LC3B, which was purchased from Novus Biologicals, Inc, USA; Atg5, mTOR, phosphomTOR (Ser2448), Akt, phospho-Akt (Ser473), phospho-p70S6K (Thr389), p62/SQSTM1, DJ-1, and Beclin1, which were from Cell Signal Technology, Inc, USA; Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and poly(ADP-ribose) polymerase (PARP), which were from Santa Cruz Biotechnology, Inc, USA. GAPDH served as a protein loading control.
Mitochondrial transmembrane potential (mtΔψ) and reactive oxygen species (ROS) detection PC3 or LNCaP cells incubated with 15 µmol/L RAB for different times were collected, and the mtΔψ was measured (mitochondrial membrane potential assay kit with JC-1, Beyotime, China) by flow cytometry. The production of ROS induced by RAB was detected by flow cytometry using the fluorescent dye hydroethidine 2',7'-dichlorodihydrofluorescein diacetate (H(2)DCFDA, Molecular Probes, Sigma-Aldrich, USA).
Statistical analysis
The data were presented as the mean±SD of at least three independent experiments. Student's t-test was used to determine significant differences between treated and control groups, and a P<0.05 was considered statistically significant.
Results

RAB decreases mtΔψ in PCa cells
Because RAB has been found to exert cytotoxic effects on human PCa cells with the induction of a higher ratio of Bax/ Bcl-2 proteins and the activation of caspase-3 [22] , we initiated our study to determine whether RAB was also involved in mitochondrial damage. The mtΔψ, an indicator of the energetic state of mitochondria, reflects the activity of mitochondrial proton pumps, electronic transport systems, and the activation of the mitochondrial permeability transition (MPT) [24] . Therefore, to evaluate whether RAB interfered with mitochondrial function, we first examined its effects on mtΔψ in PCa cells with the probe JC-1. In cells with mitochondria having a high mtΔψ, JC-1 formed orange-red fluorescent J-aggregates (R1 regions of Figure 1A ), while in cells with depolarized or damaged mitochondria, the sensor dye appeared as green fluorescent monomers (R2 regions of Figure 1A ). As shown in Figure 1A , mtΔψ decreased in response to RAB in a time- RAB induces the generation of ROS and a decrease of DJ-1 in
PCa cells
To confirm that mitochondria were involved in mechanisms of cellular processes affected by RAB, the mitochondrial production of ROS was also assessed using the fluorescent probe H(2)DCFDA. The intracellular accumulation of ROS induced by RAB was determined by calculating the geometric mean (G mean ) of fluorescence intensity in the affected cells with flow cytometry. In agreement with the changes in mitochondrial depolarization, time kinetic studies (Figure 2A and 2B) revealed that 15 µmol/L RAB time-dependently increased ROS production in PC3 and LNCaP cells. As summarized in Figure 2C , the significant increase in ROS production began at 6 h in PC3 cells and at 12 h in LNCaP cells (P<0.05), peaking at 24 h compared with the vehicle control.
To determine whether RAB-induced ROS production is involved in anti-tumor activity, we tested the scavenging effect of the antioxidant NAC on RAB-induced ROS generation and its anti-tumor function. As shown in Figure 2D , RAB significantly increased the generation of ROS in cells after a 12 h incubation. In addition, NAC prominently reduced the amount of endogenous and RAB-induced ROS, and at the same time, NAC partially blocked the RAB-mediated inhibitory effect on cell proliferation at 12 h (P<0.05).
DJ-1 acts as a redox-sensitive chaperone and sensor for oxidative stress [7] , and it is known to protect cells against oxidative stress as an antioxidant because its cysteine residues npg are sensitive to oxidative stress [14, 15] . To investigate the effect of RAB on DJ-1 expression, we analyzed the time-dependent expression changes in the DJ-1 protein level with RAB treatment. Our results demonstrated that RAB slightly enhanced DJ-1 expression before 6 h and then remarkably decreased the expression level at 24 h ( Figure 2E ). Together, these data demonstrated that RAB induced ROS production in PCa cells, particularly at a late stage, which corresponds to down-regulated DJ-1. Thus, a massive loss of DJ-1 could not protect cells from RAB by inhibiting mitochondrial impairment.
RAB stimulates mitophagy in PCa cells and inhibits the PI3K/ Akt/mTOR pathway Because mitochondrial depolarization and the loss of protection against oxidative stress were able to cause severe mitochondrial damage and fragmentation, which was followed by the anchoring of LC3BII autophagolysosomes to mitochondrial membranes (mitophagy) [1, 14] , we examined whether RAB could induce mitophagy. First, we visualized the colocalization of mitochondria and autophagolysosomes by electron microscopy of RAB-treated PC3 cells and dramatic mitochondrial swelling at 12 h and 24 h ( Figure 3A) . We further confirmed RAB-induced autophagy by detecting the accumulation of the autophagy marker proteins LC3B nd lipidated LC3BII. As shown in Figure 3B , autophagic flux by RAB was observed at 2 h and persisted until 24 h, maintaining high levels for 12-24 h as indicated by the increased processing of LC3B to LC3BII. The sequestome-1 protein (p62/SQSTM1), which was suggested to directly interact with LC3B and become degraded by autophagy, was considerably reduced after 2 h in response to RAB. The levels of Beclin1 and Atg5 were slightly increased at 24 h. Compared with LC3BII and p62, the cleavage of PARP (89 kDa) occurred much later and was significant after 12 h. RAB-induced autophagy was also determined by the number of punctate dots comprising LC3B protein in PC3 cells ( Figure 3C ) and a green fluorescent protein-tagged form of LC3B (GFP-LC3B) in U87 cells with stable GFP-LC3B expression ( Figure 3D ). RAB-treated cells displayed significantly punctate green fluorescence in PC3 and U87 cells, while vehicle-treated cells were observed with diffuse green fluorescence. We also tested the mRNA level of LC3B, which was increased in a time-dependent manner by RAB-treatment in PC3 and LNCaP cells (P<0.05 after 2 h) ( Figure 3E) .
The PI3K/Akt/mTOR pathway is one of the major signaling pathways activated in cancer cells, and compelling evidence has indicated that inhibition of this pathway is associated with the initiation of autophagy in cancer cells [25] . Thus, we investigated whether RAB also triggers autophagy through the inhibition of PI3K/Akt/mTOR signaling. As shown in Figure 3F , treatment with RAB caused a significant decrease in the phosphorylation (at Ser473) of Akt after 6 h, with a continuing decline until 24 h, which corresponded with an obvious accumulation of LC3BII after 6 h, as shown in Figure  3B . Moreover, we investigated the effect of RAB-treatment on mTOR activity. The exposure of PC3 cells to RAB resulted in a time-dependent decrease in the phosphorylation of mTOR, yet the total mTOR remained unchanged. Similarly, phosphop70S6K, the downstream effector of mTOR, was dramatically inhibited by RAB. Therefore, the results revealed that the suppression of PI3K/Akt/mTOR signaling was involved in RABtriggered autophagy in PCa cells.
Inhibition of autophagy potentiates RAB-induced cell death
To assess whether the inhibition of autophagy could affect the cytotoxicity of RAB, cell viability and cell death were analyzed by pretreating PC3 cells with the well-known autophagy inhibitor 3-MA [26] or the lysosomal protease inhibitor CQ [27] . As shown in Figure 4A , 3-MA blocked the expression of LC3B, while CQ promoted LC3BII accumulation. Treatment of cells with RAB led to elevated processing of LC3BI to LC3BII, whereas this effect was significantly blocked in the presence of 3-MA and was accompanied by an increase in cleaved PARP (89 kDa). In addition, combined treatment with RAB and 3-MA or CQ led to more a pronounced inhibition of cell viability ( Figure 4B ; P<0.05 for doses between 5-20 µmol/L) and synergistically augmented the pro-apoptotic effects ( Figure  4C ), as detected by the MTT and PI assays, respectively.
We further investigated the role of LC3B, a crucial component involved in autophagic vesicle nucleation [1, 4] , in the mode of action of RAB-induced autophagy. Knockdown of the endogenous expression of LC3B by LC3B-targeting siRNA resulted in a low level of LC3B ( Figure 4D ) and dramatically increased cleaved PARP (89 kDa) ( Figure 4D) . Accordingly, the knockdown of LC3B enhanced RAB-mediated cell death, as observed by a decrease in cell viability ( Figure 4E ) and a higher percentage of apoptotic cells ( Figure 4F) . Thus, the results revealed that RAB promoted an autophagic process, which plays an early protective role that might delay PCa cell death.
Discussion
In this study, we first identified the potential mechanisms involved in the regulation of mitophagy by RAB treatment. Our results demonstrated that RAB time-dependently induced the generation of ROS and mitochondriotoxic effects, as demonstrated by mitochondrial membrane depolarization, swelling, the generation of ROS, and a decrease in the antioxidative protein DJ-1 in the prostate cancer cells PC3 and LNCaP. To further elucidate the mode of action of RAB, we assessed the role of mitophagy in RAB-induced mitochondrial damage. We found that RAB induced LC3B lipidation to form LC3B-II and mediated protective autophagy by inducing mitophagy. Moreover, blockade of the activation of PI3K/Akt/mTOR signaling also mediated RAB-triggered autophagy in PCa cells.
Reactive oxygen species (ROS) are the by-products of cellular metabolism and are primarily generated in the mitochondria. During oxidative stress, the level of ROS is elevated. In cases where the formation of ROS overwhelms its antioxidant capacity, the extra ROS is likely to damage mitochondria [28, 29] and is usually manifested by depolarization of the mitochondrial membrane such as that stimulated by RAB treatment. Accumulating data have recently revealed that massive ROS and depolarized mitochondria play an essential role in the regulation of mitophagy [29] . Oxidized and damaged proteins are sequestered into mitochondria with lower membrane potential and subsequently are eliminated by mitophagy. In addition, DJ-1 can be recruited to mitochondria following oxidative stress and contribute to protection against mitochondrial toxins. However, the loss of DJ-1 leads to alterations in mitochondrial phenotypes, including reduced mtΔψ, increased fragmentation and the accumulation of autophagic markers [14] . Our data demonstrated that RAB induced oxidative stress and dramatic mitochondrial swelling with a decrease in DJ-1 expression. Together, these events promoted mitophagy in PCa cells.
To discover the mode of mitophagy by RAB, cells were pretreated with the autophagy inhibitor 3-MA or the lysosomal protease inhibitor CQ, revealing that the blockade of autophagy intensified the cytotoxicity of RAB. The knockdown of LC3B also confirmed the autophagic protection. Thus, this result was consistent with the observation that the autophagy induced by RAB was subsequently followed by apoptotic cell death. As shown in Figure 2B , autophagy was detected as early as 2 h by the conversion of LC3BI to LC3BII following cleavage and lipid addition to LC3BI; however, after 12 h of RAB exposure, PARP cleavage occurred, revealing that www.nature.com/aps Liu YQ et al Acta Pharmacologica Sinica npg apoptotic cell death had just begun, suggesting that the protective autophagy caused by RAB delayed cell death. Moreover, the expression of DJ-1 began to decline at 6 h and was significant until 12 h, and its anti-apoptosis effect was lost to a great extent. Based on the data revealed in our study, the role of RABinduced mitophagic protection in cell death was suggested to associate with the extent of mitochondrial damage. It is known that the decrease in mtΔψ accompanying the opening of the MPT pore allows small molecular weight proteins to freely flow through the mitochondrial membrane, which deprives ATP synthase of the ability to provide sufficient energy, leading to cell death [24, 28] . It has been reported that the cellular response to the MPT pore displays a mode of sequential changes: the opening of the MPT pore to increase the number of mitochondria progressively leads to autophagy, apoptosis and finally necrotic cell death [30, 31] . In this study, RAB induced the generation of ROS, which can promote the onset of the MPT. However, onset of the MPT does not occur uniformly. Initially, just a small proportion of mitochondria underwent the MPT onset following RAB-treatment, and then the depolarized mitochondria entered an acidic lysosomal compartment as expected during mitophagy. The mitophagy induced by RAB eliminated the damaged mitochondria to protect cells from RAB-mediated oxidative stress, therefore delaying RAB-induced cell death. However, at a later stage within the 12-24 h time period, with increasing numbers of damaged mitochondria in a cell, the mitophagy protective mechanism could not control the pro-apoptosis substances, such as cytochrome c and apoptosis-inducing factor, which are released from mitochondria and induce cell death. Additionally, if almost all of the mitochondria in a cell were damaged, the cell would undergo rapid necrotic cell death.
Overall, these data define a mode of action for RAB's exertion of anti-tumor activity. RAB induces ROS production, decreases mtΔψ and DJ-1 expression, and inhibits the PI3K/Akt/mTOR pathway. These events strongly stimulate mitophagy, which, in turn, attenuates RAB-triggered cell death. Taken together, mitophagy may not be the direct cause of cell death, but it does represent an adaptive early response to cellular oxidative stress that could enhance cell survival by retarding apoptosis. Thus, the suppression of mitophagy might enhance the efficacy of RAB, which could be a potential strategy for improving the chemotherapeutic effects of this compound.
